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SUMMARY 

An investigation of a single-annulus turbojet  combustor design  with 
slot-type air admission w-as conducted t o  demonstrate the  application of 
certain  design  principles  to  the  control of t he   gas - twera tu re  distri- 
butions at the conbustor outlet. Comparisons of the performance of a 
one-quarter-annulus combustor (obtained in  laboratory  duct-type  instal- 
lation) and a full-an?Ulus combustor (obtained in a full-scale  turbojet 
engine mounted. i n  an altitude t e s t  chamber) are presented t o  indicate 
the  general  applicability of results  obtained from cmbustion  studies 
conducted in laboratory  duct-type  installations. Combustion efficiency, 
altitude operational limits, and  exhaust-gas temperature-distribution 
data were obtained for the one-quarter-annulus cabustor; s M l a r  data 
were obtained for the full-annulus combustor. 

B e  rad ia l  gas-temperature  distribution at the combustor outlet  was 
controlled (for an amenable slo€-type opening  upstream design} primarily 
by providing  for  longitudinal  partitioning of the  gases in the secondary 
zone of the combustor. A reasonable  correlation existed between the 
performance of the  one-quarter-annulus and the full-annulus combustors 
except f o r  temgerature distribution. Although actual  correlation of 
radial temperature distribution was not established,  sufficient  trends 
did exist which made it possible  to  predict a given  temgerature distri- 
bution f o r  the  englne. A radial t q e r a t u r e   d i s t r i b u t i o n  sFmilar t o  the 
opthum  distribution  obtained from calculation was obtained i n  a given 
engine  using  a  one-quarter-annulus  laboratory  duct-type test   setup t o  
predict the results.  

Research at the NACA Lewis laboratory on designs for annular com- 
bustors for  turbojet  engines  (references 1 to 3) has indicated  specific 
measwes which give -roved a l t i tude  performance. me canibustor-design 
program applying some of the  general  design  principles  outUned in 
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references 2 d 3 is presented in this report. Research was conducted 
i n  a one-quarter-annulus  duct instal la t ion and i n  an  actual jet  engine 
installed i n  an altitude t e s t  chamber. A com$iwison  of the performance 
of a one-qwter-annulus combustor, 88 determined in the duct, with the 
performance of the f ~ l l - m n u ~ i ~ ~  couzi-t%rpex%, a & .  &Z€ermined't.n an actual 
engine, is made herein. This program was prinG5I.y  intended t o  deter- " 

mine the  applicabili ty of design  principles that improve- canibustor per- 
formance in  laboratory  duct-type  installations  to  the  design of combus- 
to rs  i n  the  actual  engine. .. 

The turbine of the engine in which the research on the full-annulus 
combustor W&S conducted had specific" radial-temperature-dstribution 
requirements which.  were  met by  developing a cambustbr for- a .  given 
temperature distribution in a one-qu&ter-ann;jlul-. aiict.- e;na subsequently 
tes t ing  the same design i n   t h e  actual  engine. Six combustor-design 
modif ications-were  tested, f i rs t  i n  the one-quaster-annulus  duct and 
then  in  the full annulus a8 a cmponent of the engine, be'fore the  turbine 
r a d i a l - t ~ e r a t u r e - d i s t r i b u t i o n  requirements of the engine were m e t .  - 
The results of the program are  herein dziscussed and. coqased. 

. -=- ici .=" 
." . . .  

t. 
" 

Eo 

01 
w 
al .. . . 

" 

. .  . .  

Ins tallat Ion 

A schematic diagram of the one-quarter-annulus combustor instal la t ion 
i s  shown in   f igure  1. A i r  of desired quan-bity, pressure, and temperature 
was drawn from the laboratory  air-supply system and exhausted into  the 
a l t i tude  exhaust system, which permitted  operation i n  the test rhAmber 
at pressures 8s  low as 5 inches of mercury absolute. Conibustor-inlet 
temperatures were controlled by using a gasoline-fired  preheater  located 
i n  a bypass  upstream of the combustor. The quantity of a i r  flawing 
through the bypass, t he   t o t a l  air flow, aid the combustion-chamber s t a t i c  
pressure were regulated by three  remote-control  valves. Two observation 
windows were installed i n  the test section in order t o  permit visual 
observation of the combustion process. A pictorial   representation of the 
turbojet  engine installed. in an a l t i tude  tes t -  chamber {fig. 2)  i l lus -  
t r a t e s  the equipment_-installation ... . " . used.for - . . . . . - . evaluating the full-annulus 
combustor. 
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Instrumentation . ." 

Total temperature and pressure were  measured i n   t h e  one-quarter- 
annulus combustor a t  the  three  stations indicated i n  figure 1. The 
position of -the instruments i n  each of the  three  planes is s h m  i n  .I 

figure 3. Conibustor-inlet t o w  temperatures were measured with three 
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bare-  junction  unshielded  iron-constantan thermocouples at s ta t ion 1, as 
shown in   f i gu re  3(a). Slightly upstream of s ta t ion 1 w e r e  located  twelve 
total-pressure  tmes,  three i n  each of four rakes as sham in f i g -  
ure 3(a). Conibustor-outlet t o t a l  t q e r a t u r e s  were measured with th i r ty  
bare-  junction  unshielded chramel-alumel  thermocouples; f ive  thermocouples 
in each of s i x  rakes w e r e  located  across  the  duct at s ta t ion 2, as shown 
in figure 3(b) . A t  s ta t ion 3 were located  fifteen  total-pressure  tubes 
i n  three  rakes of five  pressure  tubes each (fig.  3(c)) . AU. instruments 
w e r e  located at approximate centers of equal &reas. Static-pressure  taps N w 

Q, 
VI were installed at the walls, as sham in figure 3. 

Instrument construction  details  are sham in figure 4. Fuel f low 
was metered through calibrated  rotameters and air flow, through a 
concentric-hole sharpedged orifice.  

Combustors 

m e  one-quarter-annulus combustor consisted of a one-quarter  sector 
(goo) of a single-annulus cambustor designed to f i t  in to  a one-quexter 
sector of an a,nnuhr combustion-chauiber housing. The outer  diameter of 
the housing was 25; inches, the inner afameter, 108 inches, and the 
distance in  the assembled unit frm fue l  nozzles t o  combustor outlet  was 
approximately 23 inches. A three-quarter view i l lus t ra t ing   the  conibus- 
t o r  as it wa8 located  in  the  houshg is shownin  figure 5. Fuel is 
injected downstream by means of ten  fixed-orifice  pressure-atomizing 
nozzles. Air passes from behind a par t i t ion  ne= the upstream face of 
the combustor i n t o  the combustion zone through two rows of small rectan- 
gular openings located i n  the par t i t ion  plate  at the conbustor walls and 
through the &Illlu18;c clearances between the  fuel  nozzle and the plate. 
Figures 5 and 6 i l l u s t r a t e  the geometric re la t ion between the f u e l  nozzles 
and the  parti t ion  plate.  Most of the combustion air enters  the conibus- 
t ion  zone through the s lo t t ed  openings in   t he  walls of the conibustor. 
A series of s i x  air-admission  configurations on the  inner and outer WalLS 
were Investigated and hereinafter w i l l  be  designated m o d e l s  1 t o  6. 
Sketches of these six configuratiorls  are shown i n  figure 7. For dis- 
cussion, the first one-half length of the combustor i s  called the primary 
zone and the second  one-half length of the combustor, the secondary zone. 
The configurations used in evaluating  the full-annulus conibustor in a 
turbojet  engine were the same as those  sham  in  figure 7, except that 
the combustor was a full ( 360°) annulus. A photograph of one configu- 
ration is shown in  figure 8. 

c 5 
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The general  procedure was t o  develop a single-annulus combustor 
patterned after that  of reference 3, but with a specific exhaust-gas 
radial temperature distribution which w o u l d  me.et the  specifications  for 
a given  engine. The a l t i tude  performance characterist ics were evaluated z 
i n  a one-quarter-annulus  duct  setup. 

N 

The corresponding fUU-nnTnlhlR combustor was then  installed in a 
turbojet engine and Its al t i tude performance aB Obtained in an al t i tude 
test chaniber  comgared with  the perf'ormance obtained in the one-quarter- 
annulus duct test setup.  Altitude performance was determined for both 
the one-quarter-annulus and the full-annulus cambustor with MILF-5624 
( JP- 3) fuel .  

.. 

- 

" " - 

One-quarter annulus. - The combustor-inlet a i r  conditions and the 
values of the estimated combustor-outlet  temperatures  required t o  
operate a turbojet engine  having a pressure  ratio of 4 w e r e  calculated 
from data  obtahed in an altitude-wlnd-tunnel  investigation of the 
complete  engine equipped with the .standard combustor for  that engine. 
Conditions were chosen fo r  a simulated flight b c h  nuniber of 0.24 and f 

an engine  jet-exhaust-nozzle  cross-sectional  area of appraximately 
171  square  inches. Curves for  combustor-inlet  conditions and for 
estimated  values of turbine-inlet gas temperatures are  given i n  figure 9. 
The performance of the one-qwrter-annulus combustor w a s  determined  by 
using  these  curves as the basis for  simulating engine  operating  conditions 
in   t he  test  cmbustor. The methods outlined in reference 3 for  obtaining 
combustor performance were followed. 

Full-annulus. - The performance of the full-annulus conibustor as a 
component o f  a turbojet engine was determined i n  gother  investigation 
in  m al t i tude test  chamber by  operat in@; "the engine over a range of 
engine  speeds at predetermined values of a l t i tude and fllght Mach number. 
Performance data for ccmrparison with  the  one-quarter-annulus combustor 
were obtained a t  a simulated flight M&.nuniber of 0.30. The low-speed 
al t i tude limit was determined with the engine  speed and flight Mch 
number held  constant and the alt i tude  increased  unti l  combustor blow-out 
occurred. The high-speed limit was dictated by a temperature  limit 
based on the   s t resses  induced on the  turbine by gas d-aynamic loading 
and by the  reduction in allowable  stresses i n  the blade material a t  the 
higher temperatures. The high-speed limit was considered t o  have  been 
reached when the turbine  radial-temperature-distribution curve became 
tangent to  the  calculated limiting teqerature curve a t  any point. 

. . . " ". 

It was necessary to  increase  the  jet-exhaust-nozzle  area from the 
ar iginal  171  square  inches  for  the standard engine combustor configura- 
t ion  to approximately 194 square h h e s  t o  make possible  the  operation 
of the engine  with t h i s  modified combustor design over the required 
engine-speed rmge. 
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C o l r i b u s t o r  Design Features 

Prwious research at this laboratory  has  indicated an advantage in 
considering the ent i re  caaibustor length  for  obtaining  radial-temperature- 
distribution  control at the co&ustor out le t .   Firs t  an environment 
amemble to  control should be established in  the primary zone, that is, 
a consistent  temperature  pattern  shorn  be  obtained at the primary-zone 
exit (approximately one-half of the conkustor  length f o r  current  design) . 
Control of the  outlet  radial  temperature  distribution can then  be 
accomglished with  variations in the &-admission  opening i n   t h e  second- 
ary zone of the conibustor) however, the  dilution should be introduced 
over as long a path as possible  to a l l o w  more time f o r  mixing of the hot 
and the  cold  gases. The results of the investigations of references 2 
and 3 showed the advantage of axial  slots f o r  the air-admission geometry 
in  the primary-zone ualls t o  maintain  the desired condition  discussed 
previously. Excess air could be admitted  into  the  primary zone in this 
mer without  reducing  the primary-zone effectiveness. !This method of 
a i r  admission made better  use of the  available volume by in i t ia t ing   the  
dilution mixing process sommere i n  the primary zone. Ih addition, 
introducing the primary air through axial-s lot  openings tends t o  produce 
alternate longitudinal  sectors of fuel-rich and air-rich  regions, 
resulting in a continuous path of  optjmum fuel-air  concentration  in the 
interfaces of the  alternate  sectors. 

Application of Design Features 

By applying the principles  outlined  previously and demonstrated in  
references' 2 md 3, a single-annulus combustor similar t o  that of refer- 
ence 3 was investigated in  a one-quarter-annulus t e s t   r i g  t o  obtain a 
specific radial gas t q e r a t u r e   d i s t r i b u t i o n   f o r  a preselected  cmpressor- 
turbine conibination. After the  basic  air-admission arrangement on the 
primary-zone w a l l s  had been  developed, the radial gas-temperature dis- 
tr ibution at the combustor outlet  w a s  controlled  primarily w i t h  varia- 
t ions in  air-admission geometry of the secondary zones of the combustor. 
Variations in the  air-admission geametry i n  one area w i l l  necessarily 
affect a  given flow balance  along the length of the combustor because of 
a resultant change in flow resistance.  Alterations were thus  necessary 
i n  other portions of the ccxribustor t o  s tab i l ize  performance, other  than 
temperature  distribution, at satisfactory  levels.  

The air-admission  design  provided f o r  longitudinal  partitioning of 
gases i n  the upstream part  of the secondary zone on both  the inner and 
the  outer walls. Louvers, providing for air entry with l i t t l e  penetra- 
t i o n  i n  the downstream par t  of the secondary zone, were located  in  the 
outer wall. The dilution  air-admission geametry was so  designed that 
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alternate zones within the conibustor would remain relatively  undisturbed 
by incoming cooling &, and corridors of hot flowing gases woula con- 
tinue  uninterrupted  for  the  length of the combustor. Physically,  this 

-- geometry should produce alternate  sheets of hot and cold  gases.  Varia- 
t ions  in  the exhaust radial temperature  distribution were obtained by 
changing the  penetration and  mixing of the cold air w i t h  the  hot  gases, 
which was  in turn accomplished by varying the w i d t h  and the length of 
the  corridors. Conbustor model 1 (f u s .  5 and 7(a) ) was thus developed 
and evaluated. . .. . . . . ". -_ " . . . . . . - . . . . - . . . - .. " 

The discharge  velocity flow profile f o r  the campressor of the  pre- 
selected  compressor-turbine combination varied  with campressor  speed 
but,  in  general, tended toward high ve1ociti.w near the  outer wall. 
Typical  canpressor  discharge  velocity  profiles for this compressor are 
shown i n  figure 10. The performance of conbustor mgdel 1 was therefore 
evaluated with an inlet  velocity  profile  disturbed Fn the manner shown 
by the dashed  curve in figure 10, which was considered a compromise 
inlet condition for the  actual  canpressor  characteristic. 

Model 1 

One-quarter annulus. - 'phe al t i tude performance of model 1 obtained 
in  the one-quarter-annulus test   setup is shown in  f igures 10 t o  12. The 
altitude  operating limits are shown i n  figure EL. bw-speed limits 
occurred at approximately 54,000 f ee t  for  a sFmulated condition of 
70 percent of rated engine  speed and a t  &8,000 fee t  f o r  63 percent of 
rated engine speed. High-speed limits are fictitious  with  respect t o  
the engine  because the limi-bs in   the high-speed  region  are usually 
imposed  by the  temperature Units of the  turbine rather than by the 
performance of the. conibustor . 

In order t o  indicate  the performance of this combustor irrespective 
of requirements that  might be imposed by  a particular  turbojet engine, 
the combustor was operated mer a  range of a i r  flows per square foot of 
conbustor maximum cross section at an inlet-air pressure and temperature 
carbination  typical of current engine operation. Combustion efficiency 
is shown as  a  function of the mass flow through the combustor over  a 
range of cambutor t age ra tu re   r i s e  in figure 12. A t  each teqera ture  
r ise   ra t io   the ccanbustion efficiency  increases  to a mexhum value and 
then  decreases  with  increasing a i r  flows through the canibustor. kimum 
canibustion efficiency is obtained a t  successively lower air flows as the 
temperature r i s e  through the cambustor increases. Shown in this  f igure 
is the approximate  range of a i r  flaws corresponding t o  a combustor-inlet 
pressure of 10 pounds per  square  inch  absolute  mer which the combustor 
w o u l d  be  required t o  operate  as  a c q o n e n t  of the engine  considered. 
The primary zone of the conibustor was so designed tha t  the most favorable 
portion of the perfarmance  curves falls within this range of air flows. , 

." 

. -  
" 
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fchis design was accwl i shed  by variations of the dimensions and arrange- 
ment  of the s l o t s  that  admit air. In this m a n n e r  the  design was molded 
into a cmbustor  containing the required  coainations of s tabi l i ty ,  
conibustion efficiency, and temperature-rise  characteristics. A typical  
combustor-outlet radial temperature  distribution i a  sham i n  figure 13 
for simulated engine  conditions at  an al t i tude of 50,000 fee t  and a 
corrected engine  speed of 13,000 rpm. me soUd curve shown is the 
averwe  curve for data obtained at four  circumferential  positions. The 
dashed curve  represents  the  calculated optimum tPsrperature distribution 
f o r  the  turbine employed. 

N 
crl 
VI 
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Comparison of one-quarter and full annulus. - m e  comparison of the 
performance of the one-auarter- and the  full-annulus cambustors - 
(model 1) i s  presented  figure 14. The altitude  operating limits for 
the two combustors are presented in   f igure  14(a) . In the low-speed 
region  the full-annulus cmbustor showed slightly  higher limits than 
the  one-quarter-annulus  cmbustor; however, the curves intersect a t  
a l t i tude of about 50,000 feet and 65 percent of rated engine speed. The 
Ugh-speed  limitation, as mentioned previously, cannot be compared 
direct ly  because the  engine is lhited by the temgerature  limitations 

- of the  turbine. me small difference  in  simulated  flight Mach  number 
(0.24 for the one-quarter-annulus c d u t o r  and 0.30 fo r  the full- 
annulus c d u s t o r )  w o u l d  create a s m a l l  variat ion  in  the conibustor-inlet 
conditions f o r  the two combustors; however, this vas considered  not t o  
affect   the comparison seriously. The variation of combustion efficiency 
with  engine  speed f o r  two alti tudes is presented i n  figure U(b) .  The 
limited  data  for  the  one-quarter-annulus combustor indicate a  reasonable 
correlation of ccnribustion efficiency  with  the  data of the  full-annulus 
canbustor. Figure  14(c) presents a comparison of r a d i a l   g a s - t q e r a t u r e  
dis t r ibut ions  a t  the turbine  section with the calculated optinnun distri- 
bution. Temperature level  is plotted  as a function of radial distance 
at   the  plane of instrumentation. The full-annulus-conibustor  teqperature 
data were recorded dawnstream of the  turbine; whereas the  one-quarter- 
annulus-conibustor data were obtained at a section  in  the  duct  corre- 
sponding t o  a point upstream of the  turbine i n  the englse. An adjustment 
was made i n  the t q e r a t u r e   l e v e l  of the one-quarter-annulus data t o  
simplify cornparison at  turbine-exit  teqperature  levels. lche t-eratures 
f o r  the-full-annulus conbustor were much higher at the  blade root  and 
much lower at   the  blade tip  posit ions  than those f o r  the one-quarter- 
annulus combustor and, a6 a resul t ,   the  temperature distribution at the 
turbine in  the  engine was far from  matching the calculated optimum curve. 
Design changes were therefore made in an attempt t o  Fznprwe this condi- 
t ion  without  affecting other performance characteristics. 
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Model 2 
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One-quarter annulus. - It appeared posslble that the 
ccmitjustor  model 1 fo r  wide corridars of hotPld;win@; gases 

provision in 
and deep  pene- " 

t ra t ion of the cooling air from the inner wall of the secondary zone 
had been  overdesigned. As a result, these  provisions  (fig.  7(a)) were 
almost entirely eliminated. i n  an effort, t o  reduce  the  temperatures at 
the  turbine  root with respect  to  those at the  t ip.  Because the  resulting 
decrease in flow resistance in the  inner wall of the secondary zone 
would resul t  in reduced flow into  the primary zone, the areas of the 
large  louvers in the outer w a l l  of the damstream  past of the combustor M 

were reduced t o  colnpensate for  this effect on primary air flow. This 
variation of  model 1 resulted i n  model 2. 

8 . .  

N 

The compressor-outlet  velocity  characteristics were considered  a 
possible cause for the lack of correlation of the  temperature distriL 
bution between the  one-quarter- and the full-annulua configurations. 
The effect of variation of inlet   velocity  distribution on r a d i a l   t q e r a -  
ture  distribution  at   the canibustor outlet was therefore determined for 
the  three  velocity  distributions sham i n  figure 15. B e  slope of the 
curve  producing a high velocity  at   the  outer wall is approximately the 
same as that obtained  in.the engine at simulated  conditions of an alti- 
tude of 40,000 f ee t  and engine  speeds above 11,000 r p m .  The var ia t ia t  
i n  inlet  veloclty  represented in  figure 15 is much greater than that 
encountered in engine  operation. The radial temperature  distributions 
as  obtained w i t h  model 2 for the  three inlet velocity  distributions  at 
a  simulated al t i tude of 50,000 f ee t  and 13,000 rpm are shown in fig- 
ure 16. Slightly lower turbine-tip  temperatures  resulted from 8 high 
inlet  velocity on the inner wall. In general, however, the  temperature 
distribution  at   the conibustor outlet  was very similar for all three 
inlet  velocity  distributions. All subsequent conibustor mdifications 
discussed were therefore  evaluated with a uniform velocity  distribution 
a t   the  conbustor inlet. The moderately high  pressure drop across  the 
cambustor (about 9 percent of the inlet t o t a l  pressure) could be a 
contributing  factor Fn diminishing an effect of inlet velocity  profile 
on the  combustor-outlet  radial  temperature  distribution. 

Comparison of one-quarter and full annulus. - Figure  17(a) ccrmpares 
the  radial  temperature  distributions  obtained  with model 2 i n  the Azll- 
annulus conibusior  and in  the  one-qyartq-annqlgs c d w t o r .  The curve 
shown for  the full-annulus colribustor was  obtained a t  simulated  altitude 
operating  conditions of 40,000 fee t  and that shown for  the  one-quarter- 
annulus conibustor, at simulated altitude  operating  conditions of 
50,000 feet .  In another  investigation,  these  differences were sham t o  
have l i t t l e  o r  no effect on the shape of the exhaust-gas radial  temger- 
ature  distribution of the  slot-type combustor. The shapes of the two 
curves are in good agreement, with the  exception  that  the gas tempera- 
tures  near  the  outer wall decreased more r a p i a i y i n  the-one-quarter- 
annulus setup  than in the full-anndus engine runs. This could  indicate 
an unaccountable  dffference  between-the one-qu%rter-€amIilus ru116 and the 

." 

- -. 
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full-annulus  engine runs. The gas temperatures a t  the  turbine-blade root  
were reduced  over  those of model1 aad  those a t  the  turbine-blade t i p  were 
increased; however, comparison w i t h  the  calculated  opthum curve indicates 
tha t  now the root  temperatures  are much too low, and the t i p  temperatures, 
too  high. 

&@del 3 
N 
w cn 
0, 

Apparently the radial   parti t ioning of the  gases in the secondary 
zone,  which w a s  almost entirely eliminated i n  model 2, should at leas t  
be partly  replaced. 'Ifhe ccanbustor was therefore modified by reducing 
the  air-slot  width by a factor of one-half for a length of 4 inches i n  
the  inner wall of the upstream part  of the secondary zone. The air- 
admission-geometry  arrangement is sham in   f igure  7(c) .  The accompanying 
change i n  &-slot  pitch was for the purpose of increasing  the tendency 
for the formation of corridors of hot.flowing  gases i n  this region. The 
open areas of the a i r  louvers on the  outer w a l l  at the downstream part  
of the conibustor were increased t o  aid in the reduction of temperatures 
a t   the  extreme blade  tip. 

- 
Camparison of one-quarter and full annulus. - Combustor m o d e l  3 

produced temperature-distribution  curves. as showq. in  f igure  17(b) fo r  
the one-quarter-annulus and the full-annulus canibustors. !be turbine- 
blade-root  temperatures were increased  just  slightly over those of 
model 2 and the  point of peak temperatures was shifted  farther away from 
the  outer w a l l .  It was evident  fromthese data that the modifications t o  
increase  the  turbine-blade-root  temperatures were insufficient. 

hdels  4 and 5 

Canibustor m o d e l s  4 and 5 were obtained by providing wide corridors 
f o r  predetermined  lengths i n  the inner wall of the secondary zone of . 
model .  3. 'Ibis was accomplished by blocking every third &-admission 
s l o t  in   the  inner  w a l l  of the secondary zone, as is sham i n   f i g -  
ures 7(d) and 7(e). Again, i n  order t o  compensate for  the shift in 
resistance t o  air flow  created by th i s  modification,  the  air-admission 
area in the outer w a l l  of the primary zone wa8 also reduced. 

Comparison of one-quarter and full annulus. - The turbine-blade- 
root  temperatures were 'increased and the peak temperature  point was 
shifted toward the  outer w a l l  f o r  model 4 as sham in   f igure  17( c) . The 
turbine-blade-root  temperatures i n  the one-quarter-annulus combustor 
have increased Over the  predous models more than those i n  the full- 
annulus combustor as evaluated in   the engine. Temgerature-distribution 
curves  obtained with the two ( m o d e l  5) combustors are shown i n   f i g -  
ure 17(d). The root  temperatures i n  the one-quarter-annulus co&ibustor 
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have increased over the  previous m o d e l s  much m o r e  than  those i n  the full- 
annulus combustor for model 5; however, t h e   t i p  temperatures for the 
one-quarter-annulus  conbustor  decreased rather  shwply. 

Model 6 

A further increase i n  the  length of the  corridors of hot  flowing 
gases was indicated by the  data; yet if  this were achieved by further 
blocking of the  air-admission  slots, a conditiw similar t o  that  obtained 
i n  model 1 would result; that i B ,  a c o q l e t e   s h i f t   i n   t e q e q a t u r e  &is- 
t r ibut ion would occur. The cold-air  penetration from the  inner  to the 
outer wall would be  increased  sufficiently  with a simultaneous sh i f t  in  
the air flaw toward the  outer wall (because of the blockage  required t o  
extend the  corridors  the full remaining length of the combustor) t o  
cause the maJor s h i f t  in teqerature   dis t r ibut ion.  In an a t t m g t   t o  
obtain the benefits of the  extension of the  corridors and not t o  accept 
the shift in distribution, 13 "fingers" were installed at  the damstream 
ends of the  existing  corridors of model 5, w h i c h  allowed air to   enter  
but  not t o  penetrate.  Figure 6 i l l u s t r a t e s   t he   i n s td l a t ion  of the 
fingers on the conibustor wall. 

Comparison of one-quarter and f u l l  annulus. - The full-annulus com- 
bustor  for model 6 produced a temgerature distribution very  close t o  the 
calculated optimum curve (f ig .  17(e)). The one-quarter-annulus  conkustor 
produced turbine-blade-root  temperatures much higher  than  those of the 
calculated optimum design. This r e su l t  i s  consistent  with the trends 
noted f o r  models 2 t o  5. 

Thus, altitude  operating limits, combustion efficiency, and pressure 
drop x i th  the full-annulus combustor  model 6 were evaluated and these 
performnce  levels compared with those  obtained for model 1 i n  the full-  
annulus combustor. Performance comparison for  the two canfigurations I s  
shown in   f igure  18. The intention of the conibustor configuration 
changes from model 1 t o  model 6 w a s  t o   e f f ec t  a change i n  the radial 
temperature distribution of the  gases w h i l e  maintaining  other performance 
criteria  constant. It can be heen frm fi9;ure 18 that this   goal  was 
successfully  achieved with the  exception uf the increase In to ta l -  
pressure drop LiPdP, that occurred (fig. 18( c) ) . These performance 

levels,  along  with  the  temperature  distribution produced with model 6, 
were considered  satiefactory. Although actual  correlation of radial 
temperature distribution between the one-quarter and the f u l l  annulus 
w&6 not established, trend6 did exist  from model 1 t o  model 6 which made 
it possible   to  develop a given  temperature dis t r ibut ion  for  the engine 
using a one-quarter-annulus  laboratory  duct-type  setup to   predict   resul ts .  

. .. 

.. . 

- 
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The following results were obtained from 821 investigation of a 
one-quarter-annulus ccmibustor design  with  slot-type air admission con- 
ducted i n  a laboratory  duct-type  setup and from a canpaxison  with an 
investigation of the full-annulus counterpart conducted in a full-scale 
j e t  engine: 

1. The rad ia l   gas- tqera ture   d i s t r ibu t ion  at the conibustor 
outlet  w88 controlled  primarily wlth variations in air-admission 
geometry i n   t h e  secondary zone of the combustor. This wa8 accamplished 
by providing  for  longitudinal.  partitioning of gases in   the  upstream 
parrt of the secondary zone in such a way that alternate  corridors  within 
the co.uibustor would remain re lat ively undisturbed by incoming cooling 
a i r ,  and corridors of hot flowing  gases would continue  uninterrupted  for 
the  length of the combustor. Variations i n   t he  exhaust radial tempera- 
ture  distribution were obtained by controlling the penetration and 
mixing of the cold air with the hot  gases. 

2.  A reasonable  correlation  existed between the one-quarter-mnulu.6 
and the  full-annulus combustor f o r  combustion efficiency and al t i tude 
operating liniits. Although actual  correlation of radial teqerature 
distribution waa not  established,  sufficient  trends did exist  which made 
it possible to develap a given  temperature  distribution  for  the  engine 
using a one-quarter-annulus  laboratory  duct-type tes t   se tup  for   the 
development. 

Lewis Flight  Propulsion  laboratory 

Cleveland, Ohio 
National Advisory Committee f o r  Aeronautics 
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Figure 2. - Altitude chamber with engine installed. 
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(a) Inlet thermccouplea (iron-constantan) 
an8 inlet  total-pressure rakes in plane 
at statim 1. 
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(a) Outlet total-pressure rake. (b) Outlet themoouple  rake. 



. .  

. .   . "  . . . . . . . . . 

- One-quarter-anuulua ccnnbuator ae assembled in t e s t  bucting. Mdel 1. 

~ . .  . fXEZ 



. ... 
. .  

1 ). 7 

I 



. .  .. . .  . . . . . . . . . . 

. . . .   . .  . . .. , ' . .BsEz '. 



tl5z.i; 
. . .   . .  I 

Inner w a U  
( c )  &del 3 -  

. . .  



. .  . 

Outer 

lzuw 

( e )  -1 5. 

. .  . 

I %E2 
I. i 

. . ... . . . . . . . : I . . : .  . . .  



NACA RM ESZA.21 

(a) "quarter view of inlet. 

Figure 8 .  - Full-annulus caubustor. 
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(b)  One-querter view of outlet. 

Figure 8. - Concluded. F u L l - a n n ~ ~ I - ~  ccmbuetor. 

NMA RM E52A.21 

. ". 



NACA RM E52A21 

8 12 l 6 X  
Corrected  engine speed, rpm 

(a) Air fbw for one-quarter  sector. 

23 

Figure 9. - Operating  chaxacteristics  for ref- 
erence  turbojet engine. Simulated flight 
Mach number, 0.24. 
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Corrected  engine  speed, rpm 

(b) Combustor-Inlet air pressure. 

Figure 9. - Continued. Operating characterist ics 
f o r  reference  turbojet  engine.  Simulated  Pllght 
Mach nmfber, 0.24. 
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4 a 12 

Corrected engine speed, rpm 

(c) Conibustor-met air t a p e r a t m e .  

Figure 9. - Continued. Operating characterist ics 
for  reference  turbo jet engine.  Simulated flight 
Mach nlllllber, 0.24. 
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(a) Required  turbine-inlet temperature. 
Figure 9. - Concluded. Operating  characteristics 

for  reference turbojet engine. Simulated flight 
Mach number, 0.24. 
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R a d i a l  distance, in. 

Figure 10. - Radial dis t r ibut ion of velocity at conbustor inlet. 
Wdel 1. 
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Simulated engine  speed, rpm 
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Figure 11. - Altitude operating limits of one-quarter annulus of 
single-annulus turbojet conibustor fo r  f l i gh t  Mach number of 0.24. 
Combustor model 1; fuel, MIL-F-5624. 
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Air flow, WJA, lb/(sq f t )  (sec) 
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Figure 12. - Variation of combustion effioienoy with air flow over range of oombustor-outlet temperame 

inlet  pressure, 10 pounds per square lnoh absolute;  oombustor-inlet  temperature 532 R. 
levels for one-quarter W l U e  Of BiWle-annUlUB turbojet ombustor. Combu6tor mod@ 1;  oornbustor- 



30 NACA RM E52821 
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Radial distance, in. 

4 

Figure 13. - Average radial combustor-outlet  temperature  dietri- 
bution of one-quarter ammlua of single-annulus turboJet 
combustor.  Ccmfbustor model 1. 
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(a) Altitude operating u t a .  

T i w e  14. - Camparlson of operating oharacterietios of we- 
quartSr-- ard ful l -annulus turbojet combuatars. C a -  
bustor model 13 fuel, MIL-F-5624. 
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Rsdial  distance, in. 
( 0 )  mhauet-gae ~E&LLL temperature d.i.etributian. 

Figure 14. - C d u & e b .  Ccmparieon of operating oharaoterietios 

C c l m b u s t o r  model 1; fuel, MIL-F-5624. 
of one-guarterannulue a d  full-annulua turbojet oombustars. 
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Figure E. -"Canibustor-inlet radial  velocity  distributions 
imposed on one-qmrter-annulus canbustor a t  simulated 
pressure  altitude of 50,000 feet  and rated engine speed. 
Flight M&ch nmiber, 0.24. 
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Figure 16. - Effect of imposed conibustor-inlet velocity distri- 

bution on exhaust-gas radial  temperature  distribution at 
simulated  pressure altitude of 50,000 f e e t  and rated  engine 
speed. Combustor model 2. F l i g h t  Mach number, 0.24. 
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(a) CombuBtOr model 2. 

Figure 17. - Comparison of exhaust-gas radial temperature 
d i s t r i b u t i o n  of me-quarter-annulus and full-annulus 
turbojet ccmibustors. Fuel, MIL-F-5624. 
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Figure 17. - Continued. Cmparison of exhaust-gas radial tem- 
perature  distribution of one-quarter-annulus and full-asnulua 
turbojet combustors, Fuel, MIL-F-5624. 
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(c) Combustor model 4. 

Figure 17. - Continued. Ccanparison of exhaust-gas radial  tem- 
perature  distribution' of one-quarter-annulus and full-annulus 
turbojet ccanbustors. Fuel, MIL-F-5624. 
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1 2 3 4 
Radial distance, in. 

(a) Ccadbustor model 5. 

Figure 17. - Continued.  Comparison of exhaust-gas  radial 
temperature  diatribution of one-quarter-annulus and full- 
annulus turbojet ccmibustors. Fuel, MIL-F-5624. 
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( e )  Combustor model 6. 
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Figure 17. - Concluded. C a p a r i s o n  of exhaust-gas radial tem- 
perature distribution of me-quarter-annulus and full-annulus 
turbojet combustors. Fuel, MIL-F-5624. 
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(a) Altit.de operating limits. 

Figure l8. - Conprison of performance between model 1 and model 6 i n  full- 
annulus conbustor. Simulated flight Mach number, 0.30; fuel MIL-F-5624. 
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Corrected  engine  speed, r p m  

(b) Combustion  efficiency.  Altitude, 40,000 feet. 

Figure 18. - Continued. Comparison of perfanaance  between model 1 
and model.6 in full-annulus  combustor.  Simulated f l l g h t - h c h  
number, 0.30; fuel, MIL-F-5624. . - .. .. .- 
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(c) Total-pressure drop. Altitude, 40,000 feet. 

Figure 18. ' - Continued. Comparison of performance  between model 1 
and node16 in full-annulus combustor. Simulated flight Mach 
number, 0.30; f'uel, MIL-F-5624. 
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Figure l.8. - Concluded. Conlparison of performance between 
model 1 and model 6 i n  full-annulus combustor. Simulated 
flight Mach number, 0.30; fuel, MIL-F-5624. 
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